Introduction
Decades after the discovery of the Mycobacterium tuberculosis (MTB) organism, tuberculosis (TB) remains a major cause of morbidity and mortality in several developing countries. Nearly 33% of the world's population is considered to be infected with MTB infection, with 8. deaths among HIV-positive individuals. In India alone, there were 2.0 million to 2.4 million infected cases of TB, i.e., 26% of total cases [1] . Multi-drug-resistant strains of this pathogen, emerging in association with HIV, have added a frightening dimension to the problem [2] . Outbreaks of extensively drugresistant (XDR) tuberculosis have also been an increasing threat in certain regions around the world [3] . Most drugresistant MTB clinical strains are resistant to isoniazid (INH, isonicotinic acid hydrazine) -a first-line, anti-tuberculous drug [4] .
Isoniazid (INH), also known as isonicotinyl hydrazine, is an organic compound used as a first-line drug in the prevention and treatment of TB. It has a simple structure ( Fig. 1) containing two essential components required for the high activity against MTB, i.e., a pyridine ring and a hydrazide group [5] . This compound was first synthesized in the early 20 th Fig. 1 
century, and its activity against TB was first reported in the early 1950s [6] . With the introduction of isoniazid, TB treatment was first considered feasible. Isoniazid inhibits the synthesis of mycolic acids, an essential component of the bacterial cell wall. At therapeutic levels isoniazid is bactericidal against actively growing intracellular and extracellular MTB organisms. Isoniazid is used in conjunction with other effective anti-tuberculosis agents under multi-drug therapy [7] . Isoniazid is one of the most effective anti-TB drugs used for TB treatment. This pro-drug requires activation, which is carried out by the heme enzyme catalase/peroxidase (KatG) of MTB. The mechanism of activation has not yet been clearly understood as the binding interaction has not been appropriately established [8] . Besides, InhA (2-trans-enoyl-acyl carrier protein reductase) of MTB is a well-known target of INH [4] ; a few other targets have also been proposed in order to explain the atypical potency of isoniazid [9] .
Mechanisms of action of isoniazid
The mechanism of INH action has been the subject of rigorous studies, but it is reported to generate a variety of highly reactive compounds, including reactive oxygen species (ROS) such as superoxide, peroxide and hydroxyl radical [10] , and nitric oxide [11] ; reactive organic species such as isonicotinic acyl radical or anion [12] ; and certain electrophilic species [13] , which then attack multiple targets in MTB [14] .
INH passively diffuses through the mycobacterial envelope, is activated by MnCl 2 and the catalase-peroxidase KatG, possibly into an isonicotinoyl radical or anion, which then inhibits the InhA through a covalent attachment to NADH within the active site of the protein. InhA has been shown to preferentially catalyze the NADH-dependent reduction of 2-transenoyl-ACP molecules with 16 or more carbons. This reaction corresponds to the final step of elongation of the fatty acid. In addition, INH inhibits the biosynthesis of mycolic acids, which are extremely long chain fatty acids, specific to mycobacteria. A link between the inhibition of InhA and the inhibition of mycolic acid synthesis is provided by the fact that a mutation in the inhA gene, which confers INH resistance, also leads to the inhibition of mycolic acid biosynthesis to INH [4] .
Study of the interaction of isoniazid with MTB enzymes through a bioinformatics approach
INH resistance in TB is a complex process. Mutations in several genes, including katG, inhA, ahpC, ndh and kasA, were reported to associate with isoniazid resistance [15] . The rapid advances in molecular biology and the accessibility of new information generated after the whole genome sequencing of MTB will be useful in understanding the mechanism of INH resistance.
Sandgren et al. compiled a comprehensive list of the genetic polymorphisms associated with first-and second-line drug resistance in clinical MTB isolates throughout the world and reported that there were 22 genes of MTB which were associated with INH resistance [16] . As per TB drug resistance mutation database [16] , 22 genes/proteins of MTB were reported to associate with INH resistance (Table 1) . Mutation of amino acids in different enzymes is shown in Table 1 . Out of 22 proteins, 9 proteins have a known experimentally determined 3D-structure available at the Protein Data Bank. Two proteins-katG and InhA-are reported to interact with INH. In this study, the interaction of INH with KatG and InhA through molecular docking analysis was explored.
Materials and methods

Hardware and software
The study was carried out on a Dell Workstation with a 2.26 GHz processor, 6 GB RAM and 500 GB hard drive running in a Windows operating system. Bioinformatics software, such as AutoDock4.2 and online resources were used in this study.
M. tuberculosis KatG and InhA protein
Two important proteins of MTB-KatG and InhA-are reported to be directly involved in INH resistance, and the experimentally determined structures of both the proteins obtained through the X-ray diffraction experiment are available at the Protein Data Bank (PDB) [17] . The three-dimensional structure of KatG (PDB ID: 2CCA) and InhA (PDB ID: 1P44) were retrieved from the PDB for docking study. Two mutants of KatG (S315T and S315N) were generated using Modeller9v10 [18] .
Ligand preparation
The ligand (INH) used in this study against KatG was retrieved from the PubChem database [19] . INH-NAD adduct was used as another ligand against InhA, and PRODRG2 Server [20] was used to obtain the chemical structure of INH-NAD adduct in PDB format.
Protein-ligand docking
Protein-ligand docking studies were performed using the AutoDock4.2 program [21] . It is one of the most widely used methods for protein-ligand docking. All the pre-processing steps for ligand and protein files were performed using the AutoDock Tools 1.5.4 program (ADT) which has been released as an extension suite to the Python Molecular Viewer [21] . The ADT program was used to prepare receptor molecules (KatG and InhA) by adding all hydrogen atoms into the carbon atoms of the receptor and Kollman charges were also assigned. For docked ligands, non-polar hydrogens were also added. Gasteiger charges were assigned and torsion degrees of freedom were allocated by the ADT program.
The Lamarckian genetic algorithm (LGA) was applied to model the interaction pattern between receptors and the ligand. The grid maps representing the receptor proteins in the docking process were calculated using AutoGrid (part of the AutoDock package). A grid of 40, 40 and 40 points in x, y, and z directions was centered on the known active site residues of each protein. For all docking procedures, 10 independent genetic algorithm (GA) runs with population size 150 were considered for each molecule under study. A maximum number of 25 · 10 5 energy evaluations; 27,000 maximum generations; a gene mutation rate of 0.02 and a crossover rate of 0.8 were used for Lamarckian genetic algorithm. The AutoDock program was run in order to prepare corresponding DLGs (docking log files) for further analysis.
Visualization
The visualization of structure files was done using graphical interface of ADT tool and PyMol molecular graphics system (www.pymol.org).
Results and discussion
Validation of model
KatG of MTB encoded by Rv1908c has 740 amino acids in its protein sequence whereas there are 269 amino acids in the protein sequence of InhA (enoyl-[acyl carrier protein] reductase) encoded by Rv1484. Three-dimensional structures of both the proteins are available at PDB. The single amino acid mutation at codon 315, i.e., Ser to Thr (AGC-ACC) of the KatG gene is reported to be the most widespread mutation, associated with INH resistance [22] . Another mutation, Ser315Asn (AGC/AAC), was also reported in the INH resistance strain [23] . Thus, mutant models of KatG (S315T and S315N) were generated and subjected for validation. The stereochemistry of the KatG (S315T) model (Procheck analysis) revealed that 92.8% of residues were situated in the most favorable region and 7.2% were in additional allowed regions, whereas none of the residues fell in the generously allowed and disallowed region of the Ramachandran plot ( Fig. 2A) . In the case of the KatG (S315N) model, 93.3% of residues were found in the most favorable region and 6.7% in the additional allowed regions (Fig. 2B) . ProSA-web evaluation revealed a compatible Z score value of À11.85 and À11.87 for the KatG (S315T) (Fig. 2C ) and the KatG (S315N) (Fig. 2D ) models, respectively, which are well within the range of the native conformations of crystal structures [24] . The overall residue energies of both the mutant models were largely negative. The 3D model of both mutants showed an LG score of around 4.8 by the Protein Quality Predictor (ProQ) tool, implying the high accuracy level of the predicted structure. A ProQ LG score >2.5 is necessary for suggesting that a model is of very good quality [25] .
Docking analysis of KatG and isoniazid
On the basis of the crystal structure of KatG (PDB ID: 2CCA) (Fig. 3A) , three-dimensional structures of two mutants were obtained. The protein (KatGs) -ligand (INH) was performed using AutoDock4.2 software [21] . Out of the ten poses obtained, the best ligand pose was selected based on the lowest binding energy confirmation. (Fig. 3B) , while in the case of the mutant strains -KatG (S315T) and KatG (S315N) -there was a hydrogen-bond formation between INH with Thr315 ( Fig. 3C) and Asn315 ( Fig. 3D ) with a bond length of 2.23 and 2.079 Å , respectively. Timmins et al. [11] demonstrated the generation of nitric oxide upon the activation of INH by KatG (Fig. 4A) [11] . The INH-derived NO Å had biological activity and was shown to be involved in antimycobacterial action [11] . In this docking study, it was also revealed that the Threonine residues of the KatG (S315T) mutant (Fig. 4B ) and the Asparagine residue of the KatG (S315N) mutant formed one H-bond with -NH atom of INH. As the hydrogen bond formation has shown to Oxidation of INH (1) at N2 to form the hydrazyl radical (2) is followed by oxygen addition to the hydrazyl radical (causing N-O bond formation) (3), followed by as yet undelineated fragmentation or elimination [11] ; (B) H-bond formation (between -CO of Thr315 and -NH of INH) and prevention of a radical formation in the presence of Threonine in place of Serine (resistant strain).
have radical scavenging activity [26] , this may prevent free radical formation in the mutant strains that may lead to INH resistance. 
Conclusion
The computational approach has been employed to study the interaction between INH with KatG and its mutant models. The in silico docking study revealed that the mutation in KatG at amino acid position 315 (S315T/S315N) might be involved in hydrogen bond formation between INH with mutant Thr(T)/ Asn(N) residues. This H-bond formation may hamper 
